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Abstract The cell cycle is an important research field in cell biology and it is genetically and developmentally regulated in 
animals and plants. The aim of this study was to review knowledge about the biochemical regulation of the cell cycle by plant 
growth regulators through molecular checkpoints that regulate the transition from GO-GI-S-phase and G2-M in higher plants. 
Recent research has shown that zeatin treatment led to the up-regulation of CycD3 in Arabidopsis. Benzyladenine treatment 
can also shorten the duration of S-phase through recruitment of latent origins of DNA replication. Kinetin is involved in the 
phosphoregulation of the G2-M checkpoint; the major cyclin-dependent kinase (Cdk) at this checkpoint has recently shown to 
be dephosphorylated as a result of cytokinin treatment, an effect that can also be mimicked by the fission yeast Cdc25 phos¬ 
phatase. Gibberellic acid (GA) treatment induces internode elongation in deepwater rice, this response is mediated by a 
GA-induced up-regulation of a cyclin-Cdk at the G2-M checkpoint. Recent evidence has also linked abscisic acid to a cy¬ 
clin-dependent kinase inhibitor. A new D-type cyclin, recently discovered in Arabidopsis may have a key role in this process. A 
brief review on plant growth regulator-cell cycle interfacing during development and a cytokinin-induced continuum of cell cycle 
activation through the up-regulation of a plant D-type cyclin at the G1 checkpoint and the phosphoregulation of the Cdk at the 
G2/M checkpoint had been concluded. This review could be valuable to research on cell and developmental biology in plants. 
Key words: cell cycle, checkpoints, development, plant growth regulators 

CLC number: Q942 Document code: A Article ID: 1 007-662X(2004)03-0227-06 


Introduction 

Research on the cell cycle is very important in animals 
and plants because the cell cycle is a key biochemical 
process involved in growth, development, and differentia¬ 
tion of organisms. The cell cycle includes four distinctive 
phases: post-mitotic interphase (G1), DNA synthetic phase 
(S), post-synthetic interphase (G2) and mitosis (M-phase) 
(Francis et al. 2001). In addition, subdivisions of mitosis into 
M and cytokinesis and the existence of a non-cycling 
G1 -phase (GO) are also important parts of cell cycle (Figure 
1). The cell cycle represents a regulated running track 
stewarded by a series of checkpoints that determine 
whether or not the chromosomes are to be duplicated dur¬ 
ing S-phase and whether or not chromatids are ready to be 
partitioned during M-phase. The checkpoint was empirically 
defined by Hartwell and Weinert (Hartwell et al. 1989), that 
is, when step ‘B’ is dependent on the completion of step ‘A’, 
that dependence is governed by a checkpoint unless a 
loss-of-function mutation exists that relieves the depend¬ 
ence. For example, in budding yeast, the transition from G2 
to M is dependent on intact DNA but the dependence is 
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eliminated by deletion of the RAD9 gene making the latter a 
functional part of the checkpoint that monitors DNA integrity 
(Paulovich et al. 1997). If the checkpoint hurdle proves 
insurmountable, perhaps because the cell is too small or its 
DNA exhibits a catastrophic number of lesions, it arrests 
more or less permanently, or it enters programmed cell 
death (Levine 1997) or it rests temporarily making neces¬ 
sary repairs before rejoining the race. However, in different 
situations, cell division can drive expansion, or expansion 
can drive division (Jacobs 1997). Whatever the develop¬ 
mental outcome, proliferative cells in a meristem must pass 
a number of checkpoints in order to be competent to divide. 
The regulation of the cell cycle is a very complicated proc¬ 
ess. This overview mainly describe: 1) the cell cycle and 
checkpoints; 2) cytokinins and the cell cycle; 3) auxin and 
the cell cycle; 4) gibberellins and the cell cycle. The aim is 
to provide an overview on the growing literature about the 
effects of plant growth regulators on molecular checkpoints 
in the plant cell cycle. This review could be valuable to 
understand more about the checkpoints of the cell cycle 
and how they respond to extracellular growth factors. 

The cell cycle and checkpoints 

There are a number of checkpoints in the animal and 
yeast cell cycle and there may be a similar number in the 
plant cell cycle. Each checkpoint comprises a cyclin de¬ 
pendent protein kinase (Cdk) that can only exhibit catalytic 
activity when bound to a partner protein, a cyclin (Figure 2). 
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The Gl/S-phase transition is best understood in budding 
yeasts and vertebrate cells and the G2/M transition in fis¬ 
sion yeast (Figure 1). The former checkpoint comprises 
Cdk4/6-cyclinD and Cdk2-cyclinE while the latter consists 
of Cdkl kinase cyclinB and Cdkl-cyclinA (Sherr 1993; 
Norbury et al. 1992). The scene set by animal and yeast 
cell cycle data clearly depicts each checkpoint as a 
multi-component fail-safe and a remarkably fastidious 
monitor of the cell’s competence for division (Figure 2). In 
addition, elaborate feedback controls form a complex 
mechanism sensing the integrity of DNA and ensuring a 
tight coupling between DNA replication and cell division 
(Paulovich et al. 1997). The decision to proliferate or not is 
the most critical decision in the life of a cell; therefore, the 
complexity of cell cycle checkpoints was describe elegantly 
by Berridge (Berridge 1995). In animals and yeasts, cell 
cycle checkpoints are sensitive to nutrient status and 
growth factors, which can induce calcium signals that im¬ 
pinge on the cell cycle (Elledge 1996). It seems that ex¬ 
tracellular signaling mechanisms operate at the level of 
GO-GI-S-phase in animal cells and yeasts, whereas recent 
work in plants suggests that plant growth regulators affect 
both GO-GI-S-phase and the G2-M transition. This be¬ 
comes increasingly important to discover the molecular 
nature of checkpoints in the plant cell cycle. Hence, the 
aims of this review are to consider major transition points of 
the plant cell cycle: GO-to-GI, Gl-to-S-phase and G2-to-M, 
and to try and integrate what is known about the effects of 
plant growth regulators at these transitions with the function 
of particular checkpoints. 



Fig. 1 Schematic of the eukaryotic cell cycle including 
mitosis (M-phase), cytokinesis (C), post-mitotic interphase 
(G1), and the side-branch for non cycling cells to arrest in GO, 
S-phase (period of DNA synthesis) and G2 (post synthetic 
interphase). The shaded boxes, adhering to the Principal Control 
Point Hypothesis, mark the positions of the key checkpoints of the cell 
cycle, Gl-to-S, and G2-to-M. 



Kinase 

Niml 


CKIs 

P 21 


'*S)weel 


Phosphata- 

secdc25 


Synthesis 


Destruction 


Fig. 2 Schematic of a generalised checkpoint of the eu¬ 
karyotic cell cycle featuring a cyclin-dependent protein kinase 
(Cdk) bound to a cyclin protein. 

Phosphorylation of threonine161 of the Cdk by a cyclin-dependent 
activating kinase (CAK kinase) leads to binding of the Cdk with the 
cyclin, this binding can be repressed by phosphatase activity. Most 
cyclin proteins rise in concentration through the cell cycle, such as 
cyclinB peaks in late G2 and M-phase before rapid ubiquitin-dependent 
proteolysis that in turn incapacitates the Cdk's catalytic activity. The 
Cdk is phosphoregulated on threonine14 and tyrosine15 residues; 
cdc25 and weel are given as fission yeast examples of the phos¬ 
phatases and kinases that are involved. In turn in fission yeast, Weel 
kinase can be repressed by a protein kinase encoded by Niml kinase. 
The activity of the cyclin-dependent kinase is also repressed by cy¬ 
clin-dependent protein kinase inhibitors (CKIs) [adapted from Elledge 
(1996)]. 

Cytokinins and the cell cycle 

Cytokinins were first discovered in herring sperm DNA 
extract (Miller et al. 1955). This class of plant growth regu¬ 
lators promotes plant cell division when they are added 
exogenously to plant organs or when added to tissue cul¬ 
ture media. Such as kinetin and benzyladenine, can 
stimulate cell division and shorten cell cycles if added 
exogenously to cultured cells. Cytokinin treatment can 
cause non-cycling cells to divide and can act at the 
Gl/S-phase transition. For example, benzyladenine (20 
pM), and indole butyric acid (0.1 pM) stimulated formerly 
quiescent GO cells into S-phase in dormant buds of Frax- 
inus (Nougarede etal. 1996). Cytokinins may also increase 
the proportion of rapidly cycling cells in meristems by in¬ 
ducing GO cells to enter the cell cycle (Gonthier et al. 1987). 
Although in plants, cells can arrest in G2, most data show 
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GO (non-cycling G1) as the resting-place for the majority of 
non-cycling cells both in plants and animals. As mentioned 
above, cytokinin treatment can cause cells to undergo the 
GO-to-GI transition. Plant D-type (CycD) cyclins were first 
isolated from Arabidopsis and alfalfa by their ability to func¬ 
tionally complement yeast strains defective in G1 cyclin 
activity (Dahl et at. 1995; Soni et al. 1995). Subsequently, 
over 20 CycD genes have been isolated from a range of 
species (Murray et ai. 1998; Renaudin et al. 1996; Sorrell 
1999). Based on sequence criteria, these cyclins are clas¬ 
sified into three distinct groups, CycDI, CycD2 and CycD3, 
originally defined in Arabidopsis (Renaudin et al. 1996; 
Sorrell 1999). Recently, a new Arabidopsis CycD (CycD4) 
has been isolated, which, based on a limited sequence 
analysis was classified as being the first member of a new 
CycD4 group (De Veylder et al. 1999). Similar to animal 
D-type cyclins, plant CycDs contain the characteristic 
LxCxE Rb-binding motif. The majority of CycDs show ex¬ 
pression patterns reminiscent of animal D-type cyclins, 
including rapid transcript accumulation when quiescent 
cells in suspension culture are stimulated with growth 
promoting substances, suggesting that they also regulate 
G1 progression in response to extracellular signals 
(Doonan 1998; Riou-Khamlichi et al. 1999; Sorrell et al. 
1999a). A landmark study on Arabidopsis CycD3 demon¬ 
strated that CycD3 transcripts were found to be elevated in 
Arabidopsis mutants with high cytokinin levels and could be 
rapidly induced by the exogenous application of cytokinin in 
cell cultures (optimally with 1-10 pM zeatin or 1 pM ben- 
zylaminopurine) and in intact plants (1 pM zeatin). More¬ 
over, in cultured leaf explants taken from transgenic plants 
constitutively expressing CycD3, cell division could be in¬ 
duced and maintained, in the absence of exogenous cyto¬ 
kinin. Current data obtained using cell cultures suggest that 
sucrose may stimulate GO-to-GI progression by rapidly 
inducing CycD2 (Sorrell et al. 1999b). Plant CycD cyclins 
have been shown to interact with plant Rb proteins, via the 
LxCxE motif (Ach etal. 1997; Huntley et al. 1998), which, in 
turn, interact with recently identified plant E2F homologues 
(Ramirez-Parra et al. 1999; Sekine et al. 1999). Therefore, 
it seems highly likely that CycD cyclins, like animal D-type 
cyclins, regulate G1 progression via an Rb-E2F based 
mechanism. However, the exact details of this mechanism 
involved in providing a cytokinin-induced continuum from 
GO through to S-phase remain to be determined. 

During the DNA replication, there is the activation of mul¬ 
titudes of replication origins spaced along the DNA mole¬ 
cule. From each origin, two replication forks diverge until 
they meet with forks from adjacent origins. The origin and 
its two diverging forks are known as a replicon (Taylor 1963; 
VantHof 1987). Clear evidence also exists for activation of 
latent origins of DNA replication by exogenous application 
of cytokinins. A single application of benzyl adenine (4.5 
pM) to vegetative shoot apices of Sirtapis alba resulted in a 
50% shortening in replicon size from 15 to 7.5 pM (Houssa 
et al. 1990). One other intriguing effect of applying cyto¬ 


kinins to shoot apices of Sinapis alba was the 100% syn¬ 
chronous activation of replication origins. Hence, cytokinins 
must participate in or trigger signal transduction chains that 
result in activation of latent replication origins. In budding 
yeast, this cascade of proteins acts downstream of 
CDC28-G1 cyclins (Jiang et al 1997; Jackson et al 1993). 
As elegantly shown by Jacqmard and her colleagues 
(Jacqmard et al. 1995) plant growth regulators also activate, 
inactivate, and initiation points for DNA replication through 
alterations of the DNA loops at the nuclear matrix. 

In fission yeast, DNA-dependent protein kinases (Rhind 
etal. 1993) have been identified as important players in the 
repair process at the Gl-to-S and G2-to-M checkpoints. In 
plants, VantHof (1973) showed that the G2-to-M, and 
Gl-to-S transitions could be blocked by denying cells an 
energy source through removal of carbohydrate from the 
medium, by exposing cells to inhibitors of protein synthesis, 
Fosket et al. (Fosket 1997) observed that in soybean, 
zeatin (0.5 pM) caused qualitative changes in protein syn¬ 
thesis and concluded that these changes were necessary 
to permit the entry of cells into division. More recently, in 
tobacco TBY-2 cells, peaks of zeatin, zeatin riboside and 
zeatin-50 monophosphate levels were observed to coincide 
with the end of S-phase, mitosis and G1-phase (Laureys et 
al. 1998; Redig et al. 1996). The involvement of cytokinins 
at the G2-to-M phase transition was also shown in Nico- 
tiana plumbaginofolia cells in culture (Zhang et al. 1996). 
Cells that arrested in G2, because of a lack of cytokinin, 
exhibited high levels of inactive Cdc2 which was phos- 
phorylated at tyrl 5 (Zhang et al. 1996). One immediate 
consequence of cytokinin (0 23 pM kinetin) induced entry 
into M-phase was dephosphorylation of Cdc2. Subse¬ 
quently, the same workers observed that this dephos¬ 
phorylation could also be mediated by fission yeast Cdc25 
phosphatase (Zhang et al. 1996). Each protein that influ¬ 
ences Cdk activity is a potential interface for signal trans¬ 
duction pathways. This thereby represents the core of a 
cytokinin-dependent activation of cells into mitosis. The 
transition from G2-to-M in the plant cell cycle is made more 
complicated because, in addition to stopping in GO, plant 
cells can arrest in G2. For example, meristematic cell arrest 
in G2 occurs in Vicia faba (VantHof etal. 1973), P. sativum 
(Evans etal. 1973,1974; Mazzuca etal. 1997) and Lactuca 
sativa (Mazzuca et al. 1997). Cell arrest in G2 was pro¬ 
nounced in response to trigonelline, a substance that is 
synthesized in the cotyledons and transported to the root 
system (Evans etal. 1973, 1974). 

Auxin and the ceil cycle 

The shoot apical meristem is a dome of cells that per¬ 
petually changes its shape. It gets bigger through cell divi¬ 
sion during a plastochron and drops back to a smaller size 
upon initiation of primordia (Lyndon 1977). During the tran¬ 
sition to floral growth the apex enlarges maximally and is 
due to a substantial increase in the rate of cell division 
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(Francis et at. 1985). An involvement of plant growth regu¬ 
lators in regulating shoot apical cells could be through al¬ 
tering the kinetics of cell division through checkpoints. 
Green (Green 1994) identified the organization of cell wall 
microfibrils as key elements in the control of organ initiation. 
As pointed out previously (Francis 1998), such changes in 
surface microstructure ought to be coupled with changes in 
the plane of cell division for a cohort of peripheral zone cells 
that is destined to form the new primordium. IAA can 
change the mechanical properties of cell walls (Masuda 
1990) and alter the orientation of cortical microtubules 
(Shibaoka 1994). Auxins and the cell cycle in terms of 
regulating planes of cell division interface at the level of 
microtubule associated proteins and mitogen associated 
protein kinases (Vantard et al. 1998). Using radish roots, 
Blakely et al. (1982) demonstrated that lateral forming had 
been regulated by exogenous IAA. Polar transport of auxin 
from shoot to root is also a well-established phenomenon 
and, hence, triggering of cell division by auxin in the peri- 
cycle, became an attractive hypothesis (Scott 1972). The 
movement of this plant growth regulator is probably 
bi-directional in the root system moving up in one tissue 
while moving down in another (Mitchell etal. 1975; Tsurumi 
et al. 1978). These elegant studies from the 1970’s proved 
very useful for the genetic analyses of the 1990’s that have 
employed auxin deficient mutants and auxin 
over-producing mutants of Arabidopsis (Berridge 1995). 

Mutants with abnormal levels of IAA make an excess 
number of lateral roots and adventitious roots (alfl) 
(Celenza et al. 1995). Another is defective in lateral root 
formation ( alf4-1 ). Applications of IAA to ALF4 plants led to 
lateral root formation. Studies of other mutant phenotypes, 
which can initiate primordia that develop no further, led to 
the conclusion that the development of the primordium 
across the cortex is a separately controlled event (Celenza 
et al. 1995). When the promoter of cdc2aAt was used to 
drive GUS expression, Arabidopsis roots exhibited not only 
an intensely stained primary root meristem but also a 
prominently stained pericycle along its entire length (He- 
merly etal. 1993), which is consistent in showing the mitotic 
competence of this tissue. 

Gibberellins and the cell cycle 

GA-induced growth depends on an increase in both the 
rate of cell elongation and the rate of cell production in the 
intercalary meristem (Bleeker et al. 1986; Sauter et al. 
1992). The initial response was an increase in cell size 
followed by an activation of G2 cells into mitosis and then 
an increase in the rate of DNA synthesis. The data were 
clear consistent with an induction of cell cycle activation at 
the G2/M transition and subsequent entry of these cells into 
S-phase (Sauter et al. 1992). Two rice cyclin homologues 
were also up-regulated that led to the conclusion that GA 
treatment resulted in transcriptional activation of G2-M 
checkpoint proteins (Sauter et al. 1995). Indeed, the cell 


cycle was longer in meristems treated with exogenous GA3 
(290 pM) compared with the untreated controls (Daykin et 
al. 1997). The major effect of applied GA3 on cell division 
was in the developing internode. In the GA3 treatment (290 
pM), cell doubling times in the epidermis, cortex and pith 
were about half that of the controls. It seems that internodal 
growth in both a monocot and dicot is regulated, at least in 
part, by a GA induced increase on the rate of cell produc¬ 
tion and that this plant growth regulators impinges on the 
G2-M checkpoint at the level of the Cdc2 kinase (Sauter et 
al. 1995). 


GAs Cytokinins 



Fig. 3 Schematic of a plant cell cycle checkpoint with known 
interfaces between the checkpoint and plant growth regula¬ 
tors (Francis et al. 2001). The schematic indicates up-regulation of 
cyclin A/B by gibberellins (Sauter et al. 1995), of D-type cyclins by 
cytokinins (Soni et al. 1995) of cyclin dependent kinase inhibitors (CKIs) 
by abscisic acid (Wang et al. 1997), and of cytokinin-activated pnos- 
phatases that dephosphorylate tyrosine15 of the Cdk (Zhang et al. 
1996). 

Conclusions 

Understanding plant growth regulator-cell cycle interfacing 
will provide a unique insight into both cell cycle control and 
the development of plants. Moreover, such an under¬ 
standing will help us appreciate the evolutionary divergence 
of cell cycle checkpoints in plants, yeasts and animals. 
There are interfaces between cell cycle checkpoints and 
cytokinins, gibberellic acid, and abscisic acid (Figure 3). 
The discovery of plant homologues to regulatory genes of 
the cell cycle will widen the possibility of testing the level at 
which plant growth regulators are involved with the check¬ 
points (Francis et al. 2001). Establishing a wider base of 
plant homologues to MCMs, Cdc6p and Cdc7p is now 
necessary in order to test the molecular circuitry and at 
which level DNA replication is most sensitive to plant 
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growth regulator-mediated signal transduction chains. 
There is an exciting story of interfacing between plant 
growth regulators and the cell cycle. Francis and Sorrell 
(2001) had invoked models to engage a specific plant 
growth regulator with a particular cell cycle checkpoint 
(Figure 3), but the interaction of each plant growth regulator 
with its receptor and the events down-stream of receptor 
binding that impinge on the cell cycle remain to study. 
Discovering plant homologues to vertebrate and yeast cell 
cycle genes is important, but determining their function will 
require a clear understanding of cell cycle interfaces. In¬ 
deed Trewavas (1985) pointed out that whilst growth sub¬ 
stances are part of the genetic potential for rapid cell divi¬ 
sion, that potential can only be fulfilled if other resources 
such as nutrient, calcium signalling are supplied ade¬ 
quately. 
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